The Coomassie brilliant blue protein assay is commonly used because of its superior sensitivity, but it is not well understood on the molecular level. This paper attempts to gain better understanding of the assay by studying the three charge forms of the free dye present at the usual pH of the assay. A linear least squares method is outlined which allows calculation of the spectra of the red, green, and blue charge forms of the dye and also calculates the two related REC,.'s with values of 1.15 and 1.82. The pure component dye spectra were found to differ substantially from the spectrum of the dye-protein complex. The presence of a fourth, pink, ionic state of the free dye at high pH (pIC. = 12.4) is also shown. The signs and magnitudes of the ionic charges for the free dye forms are deduced and discussed. The results of this investigation are also discussed in terms of the potential for improvement of the CBB protein assay, and the conclusion is drawn that the assay conditions have been well optimized by earlier workers. Due primarily to its high sensitivity and ease of execution, the Coomassie brilliant blue (CBB) method for protein assay has become increasingly popular since its discovery (1,2), but it is not very well understood on the molecular level. When a protein sample is added to a low-pH CBB reagent (2,3), the dye binds to protein to form a blue dye-protein complex and in the process the amounts of the free ionic forms of the dye are reduced. The resulting increase in the quantity of blue dye-containing species results in an absorbance increase at 595 nm from which the total amount of protein in the sample may be estimated. It has been proposed (4) that the blue protein-bound dye species is the same as the blue To whom communications should be directed.
Due primarily to its high sensitivity and ease of execution, the Coomassie brilliant blue (CBB) method for protein assay has become increasingly popular since its discovery (1, 2) , but it is not very well understood on the molecular level. When a protein sample is added to a low-pH CBB reagent (2, 3) , the dye binds to protein to form a blue dye-protein complex and in the process the amounts of the free ionic forms of the dye are reduced. The resulting increase in the quantity of blue dye-containing species results in an absorbance increase at 595 nm from which the total amount of protein in the sample may be estimated. It has been proposed (4) that the blue protein-bound dye species is the same as the blue To whom communications should be directed. 2 Abbreviations used: CBB, Coomassie brilliant blue; BSA, bovine serum albumin.
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ionic state of the free dye. This investigation was undertaken in order to more fully characterize the dye species present under the assay conditions, including also the dye-protein complex.
This study shows that the three low-pH ionic forms of the free dye have markedly different visible spectra from one another and that none of these spectra correspond exactly to the spectrum of the dye-protein complex. The presence of a fourth high-pH form of the free dye is shown, and the charge states for all forms of the free dye are discussed. The results of this study are also discussed within the context of the CBB protein assay. More specifically treated is the question of whether any obvious improvements in the assay are suggested by these results.
MATERIALS AND METHODS
Coomassie brilliant blue G-250 and bovine serum albumin (BSA) were products of the Sigma Chemical Co., St. Louis, MO. All other chemicals were reagent grade or the best grade available.
Dye Purification
Following a procedure reported by Wilson (5) , 5.02 g of CBB-G250 (Sigma B-1131, 70% dye) was dissolved in a minimum volume of 2:1 water:methanol mixture (350 ml water, 175 ml methanol). The dye was precipitated by adding with stirring 525 ml of 5 M NaCl, and after precipitation was complete the product was collected by suction filtration. The collected dye was rinsed from the filter paper with methanol into an evaporating dish and the methanol evaporated in a stream of air overnight. Needle-like crystals with a coppery sheen were produced. The yield was approximately 50%.
The purity of the crystalline product was checked by comparison of absorbances at 610 nm of methanol solutions of the original dye and of the purified product. The purity level based on these measurements was at least 98%.
A product of similar purity could be obtained by passing an aqueous 10% methanol solution of the dye through a reverse-phase C18 column (6) , whereupon the dye was retained by the column. The column-bound dye was washed by passage of deionized water through the column. The dye was then washed from the column with pure methanol and the solution evaporated to produce the crystalline product.
Dye Solutions, Dye Solvent, and Dye Reagent
An aqueous stock dye solution containing 0.0300 g purified dye and 50 ml 95% ethanol per liter was made up by first dissolving the dye in the ethanol and then diluting with water.
Low pH dye solutions were made by mixing 50 ml of stock dye solution with calculated amounts of 10 M HC1 and water in 100-ml volumetric flasks. High pH dye solutions were similarly made using 50 ml stock dye and calculated amounts of 10 M KOH and water in 100-m1 flasks.
For experiments involving the dye-protein complex, the dye reagent formulation of Peterson (2) was used. Purified CBB (0.2050 g) was dissolved in 100 ml of 95% ethanol. To this solution was added with stirring 200 ml of 85% reagent grade phosphoric acid. This mixture was finally diluted to 1200 ml with deionized water. The reagent was stored in an amber bottle.
A dye solvent mixture was similarly made up using 100 ml ethanol and 200 ml phosphoric acid diluted to 1200 ml with water.
The Dye-Protein Complex
Solutions of the dye-protein complex were produced by combining a small known amount of dye reagent with an excess of protein so that essentially all dye molecules were converted to the protein-bound form. For the BSA-dye complex, a fixed quantity of dye reagent (from 0.10 to 0.25 ml) was diluted to 2.0 ml with dye solvent in a Pyrex cuvette. To this was added 1.0 ml of a 50 mg/ml aqueous BSA solution and the color was allowed to develop. Complexes with other proteins could be similarly produced.
Equipment
An IBM 9430 uv/vis spectrophotometer was used to generate all spectral data. A 1-cm plastic or Pyrex cuvette was used, and solutions were scanned from 750 to 360 nm at 10-nm intervals. Spectra were analyzed by commercial peak-fitting software (7). When not calculated, pH was measured by means of a Corning Model 220 digital meter. 
RESULTS AND DISCUSSION

Low pH Studies
Twenty-two CBB solutions were made up which had calculated pH values in the range from -0.7 to 3.5 in 0.2-unit increments. For the most acidic solutions, actual HC1 concentrations were determined by titration with standard base, and actual pH values were then determined from literature values of activity coefficients (8, 9) . For the less acidic solutions, pH was read directly from a meter. Absorbances were measured in the visible region from 360 to 750 nm, in 10-nm increments. Figure  1 shows representative spectra over the pH range. Examination of these spectra indicates that as the pH is raised a reddish ionic form of the dye (wavelength maximum 470 nm) is replaced by a greenish dye form (wavelength maximum 650 nm) in the vicinity of pH 1. Further pH elevation shows another shift to a blue dye form (wavelength maximum 590 nm) at about pH 2. The blue species remains the predominant dye form present in the pH range from 3 to 11. No isobestic point is observable in the low pH range, indicating that three distinct dye species are present (10) .
The spectral data were used to characterize more fully the individual dye species present in the low pH region. The two pK,, values governing the relative proportions of the three low-pH dye species present in the low pH region were calculated, where K1 is defined as [H+ ] protein-dye complex could be made. For this analysis, commercial peak-fitting software was employed (7), followed by analysis of the peak-fitting data by a linear least squares procedure.
Peak-Fitting Procedure
The general procedure was to fit each dye spectrum by constructing a set of overlapping Gaussian peaks of specific peak center, width, and amplitude which, when added together, closely reproduced the observed spectrum. By trial and error it was found that the same set of 9 or 10 Gaussian peaks of fixed center and width could be used to construct any of the observed dye spectra over the entire pH range studied. Figure 2 shows a typical spectrum fit by 8 Gaussian peaks. As the pH changed, the amplitudes of the peaks rose or fell. The software used had a limit of 8 Gaussian peaks which could be fit at any one time, but it was usually the case that not all of the entire set of 9 or 10 peaks had a significant amplitude in a particular spectrum.
It was found that the location of the peak centers, the number of peaks, and the widths could be changed within limits without seriously affecting how well the spectra could be fit. Four different sets of 9 or 10 peaks were used to fit two sets of CBB spectra.' Three of the sets of Gaussian peaks were fitted to one of the sets of CBB spectra. The fourth set was an independent trial performed on a second set of spectra. The best values of pK, and pK2 , based on the ability to reproduce experimental spectra, were 1.15 and 1.82, respectively.
It was found best to fit the spectra with as large a number of Gaussian peaks as possible. A larger number gave a more accurate fit as judged by subsequent pK0 determination. For example, it was possible to fit all the 'Results available from the authors. spectra using as one of the set a peak with very large fixed width which tended to dominate the high wavelength region of the spectrum at higher pH values. It was found better to substitute two or three peaks of lesser width. This affected the determination of pK2 to a much greater extent than pK, , resulting in a somewhat lower pK2 value than the other sets.
Direct Use of Peak-Fitting Data to Estimate pK. Values
The peak-fitting software directly calculated the amplitude for each Gaussian peak for each spectrum over the pH range studied. The peak amplitudes were observed to rise or fall with changing pH in a manner reminiscent of a titration curve. If, for example, a particular Gaussian peak used to fit the spectra was contributed to primarily by the red dye species, then the amplitude of the peak was observed to fall as the pH was elevated, as shown in Fig. 3 . The pH at half the maximum amplitude could be used to estimate pK,. On the other hand, if a Gaussian peak was observed to be primarily due to the blue dye species, the peak amplitude was observed to rise with elevation of the pH, also shown in Fig. 3 . The pH at half the maximum amplitude in this case could be used to estimate 1)1(2 . Finally, if the Gaussian peak was primarily due to the green species, a bell-shaped curve resulted. pK0 values estimated from such amplitude changes were not very different from those calculated by means of the least squares fitting procedure described in the following section.
Least Squares Analysis of Peak Data
The peak-fitting algorithm, as described previously, calculated amplitude values in absorbance units for 
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each Gaussian peak of the set used to fit the dye spectra. To begin the fitting process, initial values of pK, and pK2 were selected, from which concentrations of each of the three dye species could be calculated any pH. These concentrations were calculated as fractional species concentrations, so that C, + C2 + C3 = 1. One Gaussian peak of the set was now selected. It was assumed that this peak contained contributions from each of the three dye species, so that the peak amplitude could be written as
where the e's are dye species absorptivity values, and 6 is the misfit for the peak at a particular pH. A linear least squares analysis was then carried out over all pH values and values of e1 , e2 , and e3 determined which gave a minimum value of S( X), where
PH where a(pH, X) is the standard error for the Gaussian peak of peak center X at any pH, as calculated by the peak-fitting algorithm. The least squares analysis was repeated for each Gaussian peak of the set and the total misfit ST calculated, where ment of pH. Significant amounts of the red or blue forms will be found at any pH. From calculated molar absorptivities of each dye species and from fractional species concentrations calculated at each pH studied,' it was possible to calculate the absorbance at any wavelength and pH according to the equation
[4] At this point a simplex algorithm was used to generate another set of trial values of pK, , pK2 , and ST was recalculated. This new ST value was compared to the previous one, and the best set of pKa values (a minimum value for ST) could thereby be determined.
This analysis resulted in a set of pKa values and also a set of best values of e1 , e2 , and e3 for each of the set of Gaussian peaks. From these values and from the equations describing the Gaussian peaks employed, it was then possible to calculate fractional species absorptivities a1 , a2 , and a3 for each of the dye species' at 10-nm wavelength intervals in the region from 360 to 750 nm. A plot of a, versus wavelength gives rise to the "pure" spectrum of the red ionic form of the dye, and plots of a2 and a3 versus wavelength similarly result in spectra of the green and blue forms, respectively, as shown in Fig.  4 . The spectra of the red (wavelength maximum 470 nm) and blue (wavelength maximum 590 nm) forms of the free dye match closely with the observed dye spectra at the low and high ends of the pH range studied. The spectrum of the pure green form cannot be directly observed because this form cannot be isolated by adjustAbsorbances thus calculated at a particular pH at 10-nm intervals over the range from 360 to 750 nm constitute a visible dye spectrum. This calculated spectrum may be compared to the observed spectrum as a measure of the success of the least squares fitting procedure. This has been done for three representative spectra at widely separated pH values, as shown in Fig. 5 . As can be seen, the variation between calculated and observed absorbances is not greater than +/-0.01 absorbance units over the entire wavelength and pH range. This level of accuracy over a ten thousand-fold change in hydrogen ion concentration indicates that the fitting procedure is reasonably successful insofar as reproduction of observed spectra is concerned, which lends credence to the pKa values determined. It should be emphasized that the pKa values calculated apply only to the set of conditions under which the spectral measurements were made. Of particular importance is the ethanol content (2.5% by volume) of the solutions. Of lesser importance is the use of fractional dye concentration rather than activity in the pKa calculations. 
High pH Studies
In addition to the two low-pH proton transitions described above, it was observed that as the pH of a CBB solution was raised above 12, a transition from a blue (wavelength maximum 590 nm) to a pink (wavelength maximum 530 nm) species occurred. Visible spectra were determined for solutions containing a constant amount of dye (see Materials and Methods) for solutions of calculated pH values from pH 11.0 to 15.0 in 0.4-unit increments, as calculated from the nominal OH-concentrations. These spectra, shown in Fig. 6 , exhibit an isobestic point at 488 nm for solutions below calculated pH 13.4, which indicates an equilibrium between two dye forms. Above this pH precipitation of the relatively insoluble pink form of the dye occurred quickly enough that the spectra were affected by turbidity.
The pKa for this transition was estimated using standard photometric methods based on measurements at two wavelengths, the absorbance maxima Ap for the pink and XB for the blue species respectively.
For a solution of a particular pH, one may write, according to Beer's law:
A(A) = ap (4) [P] + UB(Ap)[BJ [6] and A (XB) = ap(XB)[P] + aB(XB) [B] , [7] where the a's are molar absorptivities and [P] and [B] represent the molar concentrations of the pink and blue species. In separate determinations employing Beer's law data, ap and % were determined for each of the wavelengths. Then, for a solution of a particular pH, absorbances were measured at both wavelengths, from which [P] and [B] could be calculated. The product of the [P] /[B] ratio and hydrogen ion concentration gave an estimated value of 12.4 for this plc. All quantities used to estimate this value were molar concentrations rather than activities. The hydrogen ion concentration was found by titration of solutions with standard acid. The nature of the pink form of the dye is of some interest, since now there are four spectrally observable forms of the free dye. This question is discussed in the following section.
The Nature of the Charge States of the Dye
In order to understand the nature of the protein-dye interaction, knowledge of the molecular structure of the various dye species would be helpful, especially with regard to sites of protonation of the dye molecule.
Beginning with the most protonated (red) form of the dye, it seems likely that neither of the sulfonate groups would be protonated (see Fig. 7 , structure I). Protonation or deprotonation of the dye molecule perturbs the conjugated double bond system, as observed from the spectral shifts of the absorbance maxima, but this would not be the case with sulfonate protonation or deprotonation since the conjugated system would not be affected. It is also probable that the plc of the sulfonic acid groups is too low for them to be involved in the protonations observed at low pH, given that the pKo of toluene sulfonic acid, for example, is about -1 (11). The sulfonate groups will therefore be excluded from further consideration.
Because of the intrinsic structure of the dye, the fully protonated (red) form of the molecule must be that shown as structure I in Fig. 7 . Other resonance forms are also possible, but the main contributor is probably the form shown. Consideration of the low pK" (0.85) of diphenylamine (11) indicates that in the dye molecule the diphenylamine nitrogen is not likely to be doubly protonated (positively charged) at low pH. The other two nitrogen atoms are in the form of N,N-dialkylanilines, which normally have pKa values of 4-5 (12) , which are more basic than diphenylamine and therefore more likely to be protonated. Another reason for postulating structure I is that the observed overlapping pKa values are within 1 pH unit of one another, which implies that a pair of very similar if not identical groups are responsible for the two low pH deprotonations. A diphenylamine and an N,N-dialkylaniline, on the other hand, are generally quite dissimilar with regard to pKa (a 4-unit difference) and are therefore unlikely to show such similar plc values in the dye molecule.
Successive protons are therefore probably lost from the two identical N,N-disubstituted aniline groups as the pH is raised to yield the blue form of the molecule (structure III of Fig. 7 ). This loss of protons produces successively the "green" form (structure II of Fig. 7 , wavelength maximum 650 nm) and then the blue form (wavelength maximum 590 nm). The blue form, according to this scenario, would bear a -1 charge, and the sign of this charge has been borne out by performing polyacrylamide gel electrophoresis of the dye at pH 6, where essentially all dye molecules are in this form. Anodic migration of the dye was observed under these conditions.
Finally, the high pH transition to the pink form (pKa = 12.4) must be accounted for in terms of the molecular structure of the dye. Two explanations seem possible in terms of the dye structures so far discussed. If a second resonance form of the blue species is drawn in which the central carbon is spa in character and bears a positive charge (structure IV of Fig. 7 ), then at sufficiently high pH it is possible that a carbinol form of the dye might be produced (structure V of Fig. 7) . The lack of an sp2 central carbon would disrupt the conjugated double bond system by causing the phenyl rings of the molecule to be less planar, which would in turn shift the wavelength maximum toward the ultraviolet, as is observed with the shift from 590 to 530 nm. The carbinol form of similar trianilinomethane dyes is not unknown (13).
A second possibility for the structure of the pink form involves loss of the second diphenylamine proton to form the imine form of the molecule (structure VI of Fig. 7) . Even though the plc for the second proton of diphenylamine has been estimated to be about 21 (14), it is possible that resonance stabilization of the deprotonated species is great enough to account for the necessary increase in acidity.
As indicated previously, the high pH pink form of the dye is considerably less soluble than the blue species, and it has proved possible to isolate this form as a solid. Infrared spectral analysis has been carried out on KBr pellets containing this species, and the spectrum is consistent with a species containing an imino nitrogen atom, although the data is not unequivocal. 
Dye-Protein Complex Spectra
A solution in which the dye-protein complex is the sole light-absorbing component may be generated at low pH (about 0.97) (see Materials and Methods) essentially by combining a small known quantity of dye with a large molar excess of protein. Under these conditions practically all dye molecules are combined with protein.
As shown in Fig. 8 for the protein BSA, the dye-protein complex thus generated has an absorbance maximum at 620 nm (15). All other proteins tested thus far show the same absorbance maximum for the complex. From this data a molar absorptivity of 47,000 liter-mot-1-cm-1 for the bound dye may be calculated. Neither the molar absorptivity or wavelength maximum of the proteinbound dye has been found to vary substantially with pH (16).
It has been assumed (4, 17) , from the blue color produced during CBB protein assays, that the blue ionic form of the dye is the one bound to protein. It has also been supposed (4, 17) that the dye-protein complex has an absorbance maximum at 595 nm, the same as that for the blue dye species. However, the data of this study suggest that the bound dye species has an absorbance maximum almost exactly intermediate between the blue (590 nm) and green (650 nm) species. The shift in absorbance maximum of 30 nm can easily be accounted for by a conformational shift of the dye on protein binding with resulting change in the planarity of the conjugated ring system.
CONCLUSIONS
The purpose of this investigation was to better characterize the CBB dye molecule, particularly in terms of the species present under normal protein assay conditions. Toward this end, the two low-pH pKa values were calculated, and spectra of the three components of the free dye present at low pH were determined. The observed dye spectra at any pH could be accurately reproduced as composites of the three pure spectra, taking into account the relative species concentrations at the pH in question. None of the spectra of the pure dye species matched particularly closely the spectrum of the dye-protein complex. A fourth (pink) form of the free dye present only at high pH was detected and the plc relating to the blue and pink species was estimated. The magnitude and sign of the charge of each free dye form was deduced, primarily from the dye structure.
With regard to the protein assay, it is virtually certain (4) that the blue dye form is the form that binds to protein. The negative charge argues in favor of electrostatic attraction to arginine and lysine side chains. It can be shown (16) that CBB binds proteins at pH 7.0, conditions under which the blue form is the only one present. The molar absorptivity of the pure blue species is 43,000 liter-mo1-1-cm' at 620 nm., not very different from that of the CBB-BSA complex, 47,000 liter-mol'-cm-', as estimated from the peak absorbances of Fig. 8 . This explains why the assay must be performed at as low a pH as possible in order to achieve maximum sensitivity. Under low pH assay conditions, most of the dye is in the red and green forms which do not absorb light as intensely as the blue form at the assay wavelength.
It may be calculated from the phosphoric acid concentration that the dye reagent has a pH of about 0.88, ignoring activity effects. The assay mixture is essentially a dilution of 2 ml of dye reagent to 3 ml with water, which raises the pH to about 0.97 under assay conditions, ignoring any effects of added protein. From the calculated plc values of this study, the fractions of the red, green, and blue forms of the free dye are, respectively, 0.571, 0.376, and 0.053 under assay conditions. From the molar absorptivity values at 590 nm from this study, the absorbance contributions of the red, green, and blue forms are respectively 0.340, 1.171, and 0.363 absorbance units, a total of 1.874 for the assay mixture without added protein. This corresponds with our experience in conducting these assays (16).
This calculation shows that the major portion of the absorbance is due to the green form, and it is the presence of this form which limits the sensitivity of the assay. If the assay pH were lowered to the point where such a large proportion of the green form were not present, the sensitivity would seem to be improved, but the fact is that some small proportion of the blue form must remain, or protein binding could not occur.
Suppose that the proportion of the blue form were cut in half, from 0.053 to 0.026, by lowering the pH. Calculation shows the proportions of green and red forms to be 0.289 and 0.685, respectively. The assay mixture would then have a pH of 0.77 and absorbance of 1.49, about 20% lower than in the previous case, and the sensitivity would be similarly improved. However, to achieve these proportions of the three dye forms, the assay reagent would need to contain 479 ml of 85% phosphoric acid rather than the usual 200 ml, in a total volume of 1200 ml. Under these conditions the dye reagent would become too syrupy to pipet conveniently, and the ease of performance of the assay would be adversely affected. Furthermore, the binding of the dye to protein, in our experience (16), is also adversely affected, either because the proportion of the blue form of the dye has been lowered too much, or because of a kinetic effect whereby the binding of dye to protein becomes extremely slow. The potential improvement of 20% in assay sensitivity is therefore more than negated by other effects related to the pH lowering. The substitution of another (stronger) acid for phosphoric acid might improve the mixture viscosity, but the difficulty due to slow protein binding and to the high proportion of the green dye form would still remain.
The proportion of ethanol cannot be substantially lowered because the dye is at the solubility limit in the reagent, and it has been shown than little is gained by raising the amount of ethanol (17). Assay linearity may be improved by increasing the amount of dye in the reagent, but the absorbance would become too high to be accommodated by available instrumentation.
The sensitivity of the assay may be traced to two factors. The first is the relatively low value for the average molar absorptivity of the free dye forms in the assay mixture, about 10,000 liter-mot-'-cm-', compared to that of the dye-protein complex, about 50,000 litermo1-1-cm' under the assay conditions. The second factor is the number of sites on the protein which bind dye under the assay conditions, the higher the number the more sensitive the assay for that protein. This factor is the main cause of variability of color development from one protein to another, which has been well documented (4, (17) (18) (19) (20) .
In conclusion, calculations based on these studies show no obvious means by which the assay sensitivity can be improved by manipulation of the proportions of the components of the dye reagent. Earlier workers (1, 2, 17) appear to have optimized the composition of the dye reagent so that nearly maximum sensitivity has already been achieved. Nevertheless, the present studies may have value in other unforeseen ways by better characterizing the CBB protein assay system.
